Introduction
The magnesium ion, Mg 2+ , is an important divalent cation in cells, serving to stabilize nucleic acid and protein structure [1, 2] , blocking a number of different ion channel types [3] [4] [5] [6] and mediating Mg 2+ -dependent enzymatic reactions as a cofactor [7] [8] [9] , including ATP-related enzymatic reactions [10, 11] . Given these important functions, it is evident that perturbations in the intracellular Mg 2+ concentration, [Mg 2+ ] i , could have serious implications for the proper physiological functioning of cells. Some age-related and neuronal diseases are known to be related to 0167 , nitrophenyl EGTA; JC-1, 5,5V ,6,6V -tetrachloro-1,1V ,3,3V -tetraethylbenzimidazolylcarbocyanine iodide; FCCP, carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone; KMG-104, 1-(2, 7-difluoro-6-hydroxy-3-oxo-3H-xanthen-9-yl)-4-oxo-4H-quinolizine-3-carboxylic acid; EPMA, electron probe microanalysis; IP 3 , inositol 1,4,5-trisphosphate; W Mt , mitochondrial membrane potential; PD, Parkinson's diseasea deficiency of Mg 2+ [12] [13] [14] . For example, the [Mg 2+ ] i of rat smooth muscle and human red blood cells from hypertensives is lower than that of normotensive controls [15, 16] . Patients with diabetes mellitus also have low serum [Mg 2+ ] [17] . On this basis, it is important to know more about intracellular Mg 2+ mobilizations in order to shed light on possible mechanisms or causes of these diseases. [Mg 2+ ] i is usually maintained around 1 mM at rest in mammalian cells [7] . One of known Mg 2+ mobilization mechanisms for the maintenance of [Mg 2+ ] i is Mg 2+ exchange at the cell membrane. A Na + /Mg 2+ exchanger located on the cell membrane has been described for various cell types and it has been reported that [Mg 2+ ] i depends on the extracellular Na + concentration [18] [19] [20] [21] . Mg 2+ efflux is observed in response to an increase in the extracellular concentration of Na + or Ca 2+ in rat liver plasma membranes [22, 23] . The Na + /Mg 2+ exchanger is known to be inhibited by amiloride or imipramine [21, 23] , and it has been reported that the recovery of [Mg 2+ ] i to normal levels in PC12 cells was suppressed by imipramine after a transient increase induced by the mitochondrial uncoupler, carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone (FCCP) [24] . While the main focus of these reports has been on Mg 2+ translocation through the cell membrane, the issue of intracellular Mg 2+ releasing points has received less attention.
The FCCP-induced increase in [Mg 2+ ] i has been described for a variety of cell types [24] [25] [26] and is also observed in cells bathed in Mg 2+ -free media [26] . Given that [Mg 2+ ] i accounts for less than 5% of the total cellular Mg 2+ (~20 mM) [7] , these findings suggest that almost all intracellular Mg 2+ exists in bound form or is sequestered within organelles, and that cells therefore possess endogenous Mg 2+ releasing mechanisms [26] . The purpose of this study is to determine the source of Mg 2+ in the FCCPinduced increase in [Mg 2+ 
Materials and methods

Chemical reagents and cell culture
Dulbecco's modified Eagle's medium (DMEM), horse serum (HS), and fetal bovine serum (FBS) were purchased from GIBCO (MD, USA). The free acid form of fura-2, its acetoxymethyl ester form (fura-2-AM), nitrophenyl EGTA-AM (caged Ca 2+ -AM), 5,5V,6,6V-tetrachloro-1,1V,3,3V-tetraethylbenzimidazolylcarbocyanine iodide (JC-1), caged IP 3 and MitoFluork Red 589 were from Molecular Probes (OR, USA). Oligomycin was from Calbiochem (CA, USA). Poly-d-lysine (PDL), nerve growth factor (NGF), carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone (FCCP), and other reagents were from Sigma (MO, USA). The free acid and AM forms of 1-(2,7-difluoro-6-hydroxy-3-oxo-3H-xanthen-9-yl)-4-oxo-4H-quinolizine-3-carboxylic acid (KMG-104) were developed and synthesized as highly selective fluorescent Mg 2+ indicators [40, 41] . PC12 cells [42] were obtained from RIKEN Tsukuba Institute; cells were cultured at 378C in DMEM containing heat-inactivated serums (10% HS, 5% FBS), 25 U/ml penicillin and 25 Ag/ ml streptomycin, under a humidified atmosphere with 5% CO 2 . For experimental use, cells (passage number 5-9) were cultured on glass coverslips coated with PDL, and differentiated by culturing with 50 ng/ml NGF-containing serum-free medium for 5-7 days. indicator has the potential to become a potent tool for investigating physiological roles of Mg 2+ . For the double staining method described here, it was important to choose suitable indicators that were highly selective for respective ions and could be clearly distinguishable in terms of their optical characteristics. KMG-104 and fura-2 were an appropriate combination that satisfied such a requirement.
Dye loading
KMG-104-AM was stored at b0 8C as a 10 mM stock solution in DMSO. For optical imaging, cells were incubated with 10 AM KMG-104-AM in the culture medium for 30 min at 37 8C, and then washed twice with a recording (normal) solution containing (in mM): NaCl, 125; KCl, 5; MgSO 4 , 1.2; CaCl 2 , 2; KH 2 PO 4 , 1.2; glucose, 6; HEPES, 25 (pH 7.4); and further incubated for 15 min to allow for complete hydrolysis of the acetoxymethyl ester form in the cells. A coverslip with dye-loaded cells was then set in an experimental chamber (RC-25F, Warner Instrument Corp.). Loading of other cell permeable reagents, 2 AM fura-2-AM, 10 AM NP-EGTA-AM as mixtures with 0.02% pluronic F-127, was carried out at the same time. Localization of mitochondrion was visualized with MitoFluork Red 589. KMG-104 loaded cells were further incubated with 500 nM MitoFluork Red 589 for 15 min. Mitochondrial membrane potential was monitored with a spectrum shift type fluorescent dye, JC-1. Cells were incubated for 15 min in normal solution containing 10 mg/ml JC-1, and washed twice. Cell membrane-impermeable reagents were microinjected into PC12 cells with a glass micropipette (tip diameter b1 Am). The concentrations of caged IP 3 , KMG-104-free acid and fura-2-free acid in the pipette were 0.5, 5, and 1 mM, respectively. Loading of the reagents was confirmed by the presence of their respective fluorescences. The Ca 2+ response at this time was measured with 380-nm excitation light only. 
Fluorescent measurements
The excitation light wavelength used for KMG-104 was 480 nm, while for fura-2 wavelengths of 340 and/or 380 nm were used. Fluorescence images were acquired with an inverted microscope (ECLIPSE TE300, Nikon) equipped with an objective (Â20, Â40; S Fluor, or Â60; Plan Apo, Nikon), a 505 dichroic mirror and a 535/55-nm barrier (green) filter. Mg 2+ responses were presented as F/ F 0 =( fÀb)/( f 0 Àb 0 ), where f and b are fluorescent intensity from the cell and background, respectively, at any given time point, and f 0 and b 0 are fluorescent intensity from the cell and background at the beginning of the experiment. Fluorescence ratios (340/380) were converted to [Ca 2+ ] i following a conventional calibration method [45] . MitoFluork Red 589 accumulates in mitochondria regardless of the mitochondria's membrane potential. MitoFluork Red 589 was excited at 560 nm and fluorescence obtained with 575-nm dichroic mirror and 600-nm long pass filter. JC-1 is a dual-emission probe that shows a fluorescence emission shift from green to red, with the ratio of green to red fluorescence corresponding to membrane potential. JC-1 shows red fluorescence by J-aggregation in mitochondria [46] . An increase in the fluorescence ratio (green/red fluorescence) indicates depolarization of the mitochondrial membrane potential. JC-1 was excited at 490 nm and fluorescence measured simultaneously with a double view system (Hamamatsu Photonics) equipped with a 590-nm dichroic mirror, the green filter and a 600LP (red) filter. A Xe lamp (150 W) with a monochromator unit was used for multiple excitations, and fluorescence measured sequentially with a CCD camera (HiSCA, Hamamatsu Photonics). The fluorescence was calculated as the mean intensity over a defined region of interest (ROI).
In vivo calibration of resting [Mg 2+ ] i was performed following Sharikabad's method [47] . To equilibrate extraand intracellular [Mg 2+ ], cells were incubated in 0 and 100 mM Mg 2+ containing KRH solution with 50 AM calcimycin for 3 h. Then, cells were stained with KMG-104-AM, and fluorescent intensities were obtained as minimum ( F min ) and maximum ( F max ) intensities, respectively. [Mg 2+ ] i at rest was calculated following a conventional formula for single excitation dyes: [Mg 2+ ]=K d ( FÀF min )/( F max ÀF), here, 2.1 mM was used for K d [40, 41] . Calculated [Mg 2+ ] i in resting PC12 cell was 0.9F0.1 mM (value from each 90 cells).
Laser photolysis
Caged compounds were photoreleased by several flashes elicited by a YAG pulse laser (355 nm, 7 mJ). The diameter of the laser spot was 3-5 Am in the focal plane with a Â20 objective. On account of the different setups required, the laser photolysis technique and 340-nm excitation for fura-2 could not be used at the same time.
Estimation of intracellular [ATP]
The intracellular ATP concentration ([ATP] i ) was estimated by luciferin-luciferase assay [48] following a slightly modified method of Kudo et al. [49] . Briefly, after treatment with FCCP (0, 2, 30 min), cells were washed twice with icecold PBS. Cells were then scraped from dishes into vials and centrifuged at 2600Âg for 4 min. Ice-cold distilled water was then replaced with the PBS, and cells were frozen in a deep freezer (À80 8C). At the time of experiments, the vials were placed floating in boiling water for 10 min and then centrifuged at 2600Âg for 5 min. The supernatant was used for estimation of [ATP] and protein content.
[ATP] was estimated using an ATP determination kit (Molecular Probes) with a micro-plate-reader (Ascent Fluoroskan, DAINIPPON). Protein concentration was estimated following the method of Bradford using Coomassie brilliant blue [50] .
[ATP] i was normalized to nmol/mg protein. Data were analyzed by Student's t tests. N and n in this paper mean number of dishes and number of cells in the dishes, respectively.
Results
What is the origin of Mg 2+ following FCCP treatment?
We have previously reported that FCCP induces an increase in [Mg 2+ ] i in PC12 cells [24] . Here, PC12 cells double-stained with KMG-104-AM and fura-2-AM were treated with 5 AM FCCP which induced an increase in both [Ca 2+ ] i and [Mg 2+ ] i (N=9, Fig. 1A Fig. 1D ). Furthermore, [ATP] i , which was measured before and then 2 min after FCCP treatment (Fig. 3) , did not undergo any significant change. It did decrease significantly after 30-min incubation with FCCP. From these results, it was confirmed that Mg 2+ was not released from Mg-ATP complexes, at the least in the initial 2 min after FCCP exposure.
Mg 2+ release from mitochondria
Localization of mitochondria and Mg 2+ response were visualized with MitoFluork Red 589 and KMG-104. Fluorescences were measured at neuritis of differentiated PC12 cells to take advantage of thickness for sparse mitochondrial localization. ROIs were selected based on a viewpoint whether mitochondria exist or not (Fig. 4A) . Weak [Mg 2+ ] i increase was obtained at mitochondria localized area by 5 AM FCCP treatment ( Fig. 4B; c and d) , while [Mg 2+ ] i did not change at areas of no mitochondria ( Fig. 4B; a, b , and e). This relation was observed in other trials (N=4). From these results, it was revealed that the Mg 2+ store at intracellular Mg 2+ release by FCCP treatment was mitochondria.
3.6. Mg 2+ is released after mitochondrial depolarization W Mt was visualized with JC-1 to monitor the initial timing of mitochondrial depolarization following exposure to FCCP. Cells double-stained with fura-2 and JC-1 showed both mitochondrial depolarization and an increase in [Ca 2+ ] i (N=4, n=28) upon exposure to FCCP, with the initial takeoff point of the depolarization preceding that of the Ca 2+ increase by an average of 3.8F1.7 s (Fig. 5A, top) . This difference was significant at the Pb0.01 level. Similar experiments were performed with fura-2-and KMG-104-loaded cells, with the initial take-off point of [Ca 2+ ] i being slightly faster than that of [Mg 2+ ] i (Fig. 5A, bottom) . Here, the lag between Ca 2+ and Mg 2+ was 1.9F2.4 s, with this difference also being significant at the Pb0.01 level (N=4, n=33). These results show that the sequence of events was mitochondrial depolarization first, followed by an increase in [Ca 2+ ] i , and then an increase in [Mg 2+ ] i (Fig. 5B) . Taking into account all of the above, we conclude that the mitochondria serve as the intracellular Mg 2+ store in PC12 cells, with depolarization of the mitochondrial membrane triggering the increase in [Mg 2+ ] i .
Discussion
We Depolarization of W Mt is often induced by the opening of mitochondria permeability transition pore (PTP) [60] . When the PTP opens, cytochrome c is released from mitochondria, and this triggers one of the pre-processes of cell apoptosis [61] . Because apoptosis and [Mg 2+ ] i increase are linked at the stage of depolarization of W Mt , some apoptotic inducible factors might increase [Mg 2+ ] i .
Mg 2+ in relation to mitochondrial function and disease states
Mg 2+ and mitochondria have been implicated in a number of disease states. Parkinson's disease (PD), for example, is one of the most common neurodegenerative disorders and one in which [Mg 2+ ] i was reported to be lower in the cortex than in the white matter of PD brains [62] , and where alterations to mitochondrial function have been implicated [63, 64] . If mitochondrial [Mg 2+ ] i regulation is affected by mitochondrial dysfunction, then a low [Mg 2+ ] i in cells could result. This could be one reason for low Mg 2+ -related diseases such as hypertension or diabetes mellitus. Given that we have elucidated aspects of the relation between Mg 2+ and mitochondria in this study, these findings could give rise to a deeper understanding of the mechanisms underlying some disease states. 
